Background Proponents of computerassisted TKA suggest that better alignment of the TKAs will lead to improved long-term patient functional outcome and survivorship of the implants. However, there is little evidence about whether the improved position and alignment of the knee components obtained using computer navigation improve patient function and the longevity of the TKA. Questions/purposes The purpose of this study was to determine whether (1) clinical results; (2) radiographic and CT scan results; and (3) the survival rate of TKA components would be better in patients having computerassisted TKA than results of patients having TKA without computerassisted TKA. In addition, we determined whether (4) complication rates would be less in the patients with computer-assisted TKA than those in patients with conventional TKA. Methods We performed a randomized trial between October 2000 and October 2002 in patients undergoing same-day bilateral TKA; in this trial, one knee was operated on using navigation, and the other knee was operated on without navigation. All 296 patients who underwent sameday bilateral TKA during that period were enrolled. Of those, 282 patients (95%) were accounted for at a mean of 15 years (range, 14-16 years). A total of 79% (223 of 282) were women and the mean age of the patients at the time of index arthroplasty was 59 6 7 years (range, 48-64 years). Knee Society knee score, WOMAC score, and UCLA activity score were obtained preoperatively and at latest followup. Radiographic measurements were performed including femorotibial angle, position of femoral and tibial
rate of TKA components would be better in patients having computerassisted TKA than results of patients having TKA without computerassisted TKA. In addition, we determined whether (4) complication rates would be less in the patients with computer-assisted TKA than those in patients with conventional TKA. Methods We performed a randomized trial between October 2000 and October 2002 in patients undergoing same-day bilateral TKA; in this trial, one knee was operated on using navigation, and the other knee was operated on without navigation. All 296 patients who underwent sameday bilateral TKA during that period were enrolled. Of those, 282 patients (95%) were accounted for at a mean of 15 years (range, 14-16 years). A total of 79% (223 of 282) were women and the mean age of the patients at the time of index arthroplasty was 59 6 7 years (range, 48-64 years). Knee Society knee score, WOMAC score, and UCLA activity score were obtained preoperatively and at latest followup. Radiographic measurements were performed including femorotibial angle, position of femoral and tibial components, level of joint line, and posterior condylar offset. Aseptic loosening was defined as a complete radiolucent line > 1 mm in width around any component or migration of any component. Assessors and patients were blind to treatment assignment. Results The Knee Society knee (92 6 8 versus 93 6 7 points; 95% confidence interval [CI] , 92-98; p = 0.461) and function scores (80 6 11 versus 80 6 11 points; 95% CI, 73-87; p = 1.000), WOMAC score (14 6 7 versus 15 6 8 points; 95% CI, 14-18; p = 0.991), range of knee motion (128°6 9°versus 127°6 10°; 95% CI, 100-140; p = 0.780), and UCLA patient activity score (6 versus 6 points; 95% CI, 4-8; p = 1.000) were not different between the two groups at 15 years followup. There were no differences in any radiographic parameters of alignment (on radiography or CT scan) between the two groups. The frequency of aseptic loosening was not different between the two groups (p = 0.918). Kaplan-Meier survivorship of the TKA components was 99% in both groups (95% CI, 93-100) at 15 years as the endpoint of revision or aseptic loosening (p = 0.982). Anterior femoral notching was observed in 11 knees (4%) in the computer-assisted TKA group and none in the conventional TKA group (p = 0.046). Conclusions In this randomized trial, with data presented at a minimum of 14 years of followup, we found no benefit to computer navigation in TKA in terms of pain, function, or survivorship. Unless another study at longterm followup identifies an advantage to survivorship, pain, and function, we do not recommend the widespread use of computer navigation in TKA because of its risks (in this series, we observed femoral notching; others have observed pin site fractures) and attendant costs. Level of Evidence: Level I, therapeutic study.
Introduction
T o reduce malalignment of TKA, computer-assisted TKA was introduced [29, 34] . Advocates of computer-assisted TKA claim that better alignment of the TKA will lead to improved long-term patient functional outcome and survivorship of the implants [20] .
However, there is no high-quality evidence from randomized trials at long term of which we are aware evaluating whether the improved position and alignment of the knee components achieved using computer navigation improve patient function or longevity of the TKA [3, 8] . Comparative studies of conventional and computer-assisted TKAs are limited to short-term followup [26, 27, 36, 40] . It seems especially important to evaluate this question in younger patients, because implants in these patients would be expected to be subjected to a longer service life and greater mechanical demands and so might be at greater risk of polyethylene wear, osteolysis, and revision surgery [35, 42] .
The purpose of this study was to determine whether (1) clinical results; (2) radiographic and CT scan results; and (3) the survival rate of TKA components would be better in patients having computer-assisted TKA than results of patients having TKA without computer-assisted TKA. In addition, we determined whether (4) complication rates would be less in the patients with computer-assisted TKA than those in patients with conventional TKA.
Materials and Methods
From October 2000 to October 2002, the senior author (Y-HK) performed 592 same-day bilateral TKAs in 296 patients younger than 65 years old under the same anesthetic for end-stage osteoarthritis of both knees. We performed same-day bilateral TKAs in all patients during the study period and 95% of patients (282 of 296) consented to be randomized for this trial. Our institutional review board approved the study and informed consent was obtained from all patients. The inclusion criterion of patients was endstage osteoarthritis of both knees that warranted TKA. Patients with inflammatory arthritis, a foot and ankle disorder, dementia, or a history of stroke or hip disease were excluded. In the interim, three patients died and 11 were lost to followup; thus, 282 patients (564 knees) were available for clinical and radiographic evaluation at a mean of 15 years (range, 14-16 years) (Fig. 1) .
Although the learning curve with this navigation system was not addressed in this study, the surgeon who did the procedures in this report (Y-HK) performed 30 navigated TKAs using the system before the first patient was enrolled in this study. 2017 Knee Society Proceedings arthroscopic débridement in one or both knees (Table 1 ). All procedures were performed by the senior author (Y-HK) with tourniquet inflation to 250 mmHg. An anterior midline skin incision was made between 12 and 15 cm long with a medial parapatellar capsular incision. Ten millimeters of tibial bone was resected with a 7°posterior tibial slope. An anterior cortical reference was used for the AP cut of the distal part of the femur. In the conventional TKA group, femoral component rotation was determined with use of three reference axes: (1) the transepicondylar axis; (2) the midtrochlear (Whiteside line [2] ); and (3) 3°of external rotation relative to the posterior aspect of the condyles. Ligamentous balance was established first in knee extension and then in knee flexion with use of a tensor. A NexGen posterior cruciate-substituting total knee prosthesis (NexGen® PS; Zimmer, Warsaw, IN, USA) and an all-polyethylene patellar component were used in all knees. All implants were cemented after pulsed lavage irrigation, drying, and pressurization of vacuum-mixed cement. Randomization to a computer-assisted or conventional manual jig-based TKA was done using a sealed study number envelope, which was opened in the operating room before the skin incision was made. All patients were assigned to receive navigated TKA in one knee and conventional TKA in the contralateral knee using a computer program. Before surgery (at baseline), there were no differences between the navigated and nonnavigated knees in terms of preoperative Knee Society knee scores (25 versus 26 points, p = 0.321), Knee Society function scores (51 versus 51 points, p = 1.000), WOMAC scores (63 versus 65 points, p = 0.797), range of knee motion (132°versus 131°, p = 0.491), or UCLA activity score (2 versus 2 points) ( Table 2 ). The navigation system (Vector Vision CT-free knee; Brain LAB, Munich, Germany) that was used had an optical tracking unit, which detected reflecting marker spheres with an infrared camera. In all of the conventional, manual, jig-based TKAs, the femoral component was implanted using intramedullary instrumentation and the tibial component was inserted using extramedullary instrumentation.
On the second postoperative day, we initiated continuous passive ROM and began physical therapy for active mobilization. All patients were discharged home from the hospital. They were allowed full weightbearing and were advised to use crutches or a walker for 4 weeks.
Patients were followed up at 3 months and 1 year after the surgery and then every 2 or 3 years thereafter. Knee Society knee score [19] and WOMAC score [6] were obtained at subsequent followup. Degree of pain with activity was assessed with a visual analog scale (VAS) of 0 to 10. The answers were categorized as none, zero; mild, 1, 2, 3, 4; moderate, 5, 6, 7; or severe, 8, 9, 10. Additionally, UCLA activity score [45] was used to assess patients' activity level. A standard (60-cm) goniometer was used to measure the range of knee motion preoperatively and at each followup. A research associate (D-RK) who was not part of the operative team recorded and compiled all clinical data.
At each followup examination, we determined, as previously reported [28] , the alignment of the limb using a long-leg standing film, including hip and ankle, the position of the components, the joint line, posterior femoral condylar offset, and the presence and location of the radiolucent line. To control rotation of the knee, all radiographs were made under fluoroscopic guidance. A research associate (D-RK) who was not part of the operative team analyzed and recorded radiographic data at each followup.
At the final followup, to determine the rotational alignment of the component and osteolysis, a CT scan was performed in all patients with use of a multislice scanner (General Electric LightSpeed Plus; GE Medical System, Milwaukee, WI, USA). The CT scan was performed from 10 cm above the superior pole of the patella to 10 cm below the tibial tuberosity with use of contiguous 2.5-mm slices. To determine rotational alignment of the femoral component, the angle was measured between the line joining the medial and lateral epicondyles of the femur and that joining the posterior margin of the femoral component. Measurement of axial rotation of the tibial component was carried out in relation to the posterior margins of the medial and lateral tibial plateaus and the posterior margin of the tibial polyethylene insert (Fig. 2) . Any nonlinear region of periprosthetic cancellous bone loss with delineable margins was defined as osteolysis. CT scans were examined by one author (Y-HK).
Measurements for all radiologic and CT parameters were performed three times (within a 3-day interval between measurements). The chance-corrected kappa coefficient [32] , calculated as previously reported [28] to determine intraobserver agreement for measurements for all radiologic and CT parameters, ranged from 0.96 to 0.98. Navigation-related complications, including anterior femoral notching, pin site fracture, and pin tract infection, were determined. Also, infection and anterior femoral notching were tallied in both groups.
Statistical Analysis
To minimize the chance of Type II error and increase the power of our study, we adjusted the power to detect a minimum difference in the Knee Society knee score [20] of 5 points with a power of 0.90, which revealed that a total of 254 knees would be required in each group. We recruited approximately 10% more patients to account for possible dropouts. The differences between the two groups with regard to the Knee Society knee and WOMAC scores were evaluated with the paired t-test and the Pearson nonparametric chi-square test. VAS score was assessed using a paired t-test. The range of knee motion was compared between the two groups with a two-way repeatedmeasures analysis of variance. Nonparametric chi-square tests were used to compare complication rates and radiographic and CT data between the two groups. The level of significance was set at p < 0.05. Kaplan-Meier curves were used to analyze the rate of prosthesis survival with revision for any reason or aseptic loosening as the endpoint [15] ; the 95% confidence interval at certain times was calculated with the formula of Greenwood [15] . 
Results
At latest followup (15 years after the operation), there were no differences between conventional and navigated knees in terms of the mean total Knee Society knee scores (92 6 8 points versus 93 6 7 points, respectively; mean difference of 1 point; 95% confidence interval [CI], 92-98 points; p = 0.46). There were no differences between the groups in terms of the proportions of patients with residual pain; in the conventional TKA group, 226 of 280 knees (80%) had no pain, 54 (19%) had mild pain, and two (0.1%) had severe pain at 15 years followup. In the computer-assisted TKA group, 225 of 282 knees (80%) had no pain, 55 (20%) had mild pain, and two (0.1%) had severe pain at 15 years followup (p = 0.981). There were no differences (p = 0.991; 95% CI, 14-18) in the mean WOMAC scores (14 6 7 and 15 6 8 points) between the two groups at 15 years followup. The range of knee motion in the conventional TKA group and computer-assisted TKA group was not different preoperatively (132°versus 131°, p = 0.491) or at 15 years followup (128°versus 127°, p = 0.780). Mean UCLA activity score was 6 6 4 points (95% CI, 4-8 points) at 15 years followup (Table 2) .
There was no difference between the groups in terms of the frequency of aseptic loosening; two knees (0.7%) in the conventional TKA group had aseptic loosening of the femoral component and two knees (0.7%) in the computerassisted TKA group had aseptic loosening of the tibial component (p = 0.918) ( Table 3 ). There was no failure of tibial polyethylene or osteolysis around the components in either group at latest followup (Fig. 3 ). There were no differences between the two groups at 15 years followup with regard to radiographic parameters, including mean femorotibial angle (5°6 4°versus 6°6 3°valgus; 95% CI, 4°-6°), mean femoral component position (coronal plane: 97°versus 98°, 95% CI, 96°-99°, p = 0.812; sagittal plane: 3°versus 3°, 95% CI, 2°-4°, p = 0.431), and mean tibial component position (coronal plane: 89°versus 89°, 95% CI, 87°-90°, p = 0.512; sagittal: 84°v ersus 83°, 95% CI, 81°-84°, p = 0.541), level of the joint line (15 versus 16 mm; 95% CI, 13-16 mm; p = 0.231), and posterior condylar offset (26 versus 26 mm; 95% CI, 25-27 mm; p = 0.123; Table 3 ). There was no difference in rotational alignment of the femoral component (6°6 4°versus 5°6 5°external rotation; 95% CI, 4°-7°; p = 0.778) or tibial component (7°6 8°versus 6°6 9°e xternal rotation; 95% CI, 5°-7°; p = 0.726) in the CT scan between the two groups at 15 years followup.
Kaplan-Meier survivorship [24] analysis, with revision or aseptic loosening defined as the endpoint, showed no differences between the groups with a 99% implant survival rate for both groups (95% CI, 93-100) 15 years after the operation (p = 0.982).
Eleven knees (4%) in the computerassisted TKA group had anterior femoral notching, and no knees with notching were observed in the conventional TKA group (p = 0.046). None of these patients with anterior femoral notching had fractures or lower knee scores than knees No infection recurred in these knees, and none of these patients was lost to followup.
Discussion
Proponents of computer-assisted TKA suggest better alignment of the TKAs will lead to improved long-term patient functional outcome and survivorship of the knee implants [20] . However, there is no high-quality evidence from randomized trials at long term whether the improved position and alignment of the knee components by computer navigation improve patient function and longevity of the TKA [3, 8] . The purposes of this study therefore were to determine in long-term followup in the young patients whether (1) clinical results; (2) radiographic and CT scan results; and (3) the survival rate of the TKA implants would be better in computer-assisted TKA than that in conventional TKA. In addition, we assessed whether (4) complication rates were less in computer-assisted TKA than those in conventional TKA. There are some limitations of this study. First, we performed no interobserver comparisons of the radiologic and CT measurements to confirm the measurements made by one observer, and this can lead to bias in interpreting radiolucent lines, loosening, and osteolysis, leading to errors of either underestimation or overestimation. However, intraobserver agreements for the various radiologic and CT measurements were 0.96 to 0.98, indicating excellent reproducibility. Second, it is frequently difficult for a patient who has undergone bilateral TKA to determine which knee is functioning better than the other. Therefore, the WOMAC function scores should be interpreted with caution because it is difficult for patients to attribute functional status to a particular knee. The components of pain, support, and range of knee motion were initially differentiated, but the components of distance walked and stairclimbing ability were more difficult to differentiate. In these domains, if the patients had difficulties, they identified the knee that limited their activities more, and we adjusted the scores accordingly. Third, in the current series, there were few patients with obesity (28 patients [10%] had > 30 kg/m 2 body mass index) and no patients with morbid obesity, a group that may benefit more from navigation given the difficulties associated with identifying anatomic landmarks for accurate component position. However, even if navigation is shown to improve the radiographs of patients with obesity, the question still remains whether it will improve long-term survivorship or clinical outcome scores. Our study does not address this. Fourth, our study population was 79% women with low patient weight and good preoperative range of knee motion; these factors might limit general applicability to other patients or practice settings. On the other hand, the patients in this series engaged in activities such as farming, squatting, and lifting. Finally, this study was limited to a single navigation system.
Other studies have presented conflicting results of computer-assisted TKA. One study suggested that computer-assisted TKA provided better knee function and better quality of life than that achieved with conventional TKA [30] , whereas other studies did not find a difference between TKAs performed with or without navigation [17, 23, 27, 39, 41] . Furthermore, Kim et al. [28] , in our 11-year followup, found clinical function was not different between the two groups of patients (we note that those patients were not the same patients as we are reporting on in this study). In that study, they indicated that the absence of severe malalignment ($ 6°) in the conventional TKA group was attributable to similar clinical results as in the computer-assisted TKA group. The findings of our study suggest that there were no differences in Knee Society knee and function scores or WOMAC scores between the two groups at mean 15 years followup.
Bauwens et al. [5] , Mielke et al. [37] , and Jenny and Boeri [22] found that there was no difference in the postoperative mechanical axis alignment of the limb between the TKAs with and without navigation assistance. By contrast, other investigators reported that computer-assisted TKA produced more accurate alignment than conventional TKA on radiographs [3, 16, 18, 43] . However, Henckel et al. [17] and Krackow et al. [31] suggested that the improvement in the position of the knee components by computerassisted TKA is only a few degrees, which is within the margin of error produced by projection-related error on standing radiography. Kim et al. [28] found that the implant position and mechanical axis of the limb were not different between the two groups with and without computer-assisted TKAs. In our own work in the current study, we found that there were no differences between the two groups in terms of tibiofemoral alignment, femoral and tibial component position, posterior femoral condylar offset, level of the joint line, and the prevalence of radiolucent lines and loosening.
Baumbach et al. [4] , in their 10-year followup study, found that 17% of conventional and 9.8% of computer- assisted TKAs had aseptic loosening. All of the TKAs that developed aseptic loosening in that series presented tibiofemoral angles outside the desired zone of 6 3°around the neutral axis. They concluded that navigation has clinically important advantages with computer-assisted TKA compared with conventional TKA. Our results were different from those of Baumbach et al. [4] in that we had far less aseptic loosening in this series and no differences between the groups in the frequency of this complication. Two knees (0.7%) in each group had aseptic loosening and revision of the components at 15 years followup. We believe that this difference can be attributed to a high proportion of patients within the desired zone of 6 3°in the coronal plane in both the conventional and the navigated groups. A frequency of aseptic loosening of 9.8% to 17% as observed by Baumbach et al. [4] seems extremely high and is not typical for TKA regardless of approach; we believe our results may be more generalizable.
In our series, Kaplan-Meier survivorship of the TKAs revealed 99% in both groups 15 years after the operation. Although TKA is performed with increasing frequency in younger and more active patients, very few longterm studies have been performed in this younger patient population [9, 13, 14, 19] . Most midterm and long-term studies on TKA in younger patients have included a relatively large percentage of patients with rheumatoid arthritis who were somewhat inactive [9, 13, 14, 19] . Several authors [10-13, 25, 31, 38, 40, 44] reported good results of TKA in younger patients with osteoarthritis at long-term followup. Dixon et al. [12] reported 93% survivorship of conventional TKA at 15 years for patients # 67 years. Dalury et al. [10] reported a 98% survivorship rate of conventional TKA at 10 years for patients < 55 years. Kim et al. [24] , in their previous study, reported that the survival rate of conventional fixed-or mobile-bearing TKA was 97% at 13 to 14 years in patients < 56 to 59 years of age. In our own study in the current series, excellent survivorship at 15 years was attributable to a good cementing technique with pulsed lavage and cement pressurization, correct flexion and extension gaps, and wellbalanced ligaments.
The reason for the higher frequency (4%) of anterior femoral notching in the computer-assisted TKA group is not known. We speculate that there may have been some errors in the navigation registration process. Also, excessive bowing of the femur might be a cause of anterior femoral notching in our 11 knees. Lee and Wang [32] reported that the prevalence of anterior femoral notching by conventional TKA was 5.7% and that for navigated TKA, it was 16.7%. They suggested that a modification of the femoral cut should be considered when substantial femoral bowing is observed. We recommend careful check before femoral cut to avoid anterior femoral notching. Brown et al. [7] reported that pin site fractures occurred in 0.065% of patients (two of 3100). We observed no pin site fracture or pin tract infection in our series.
In this randomized trial, with data presented at a minimum of 14 years of followup, we found no benefit to computer navigation in TKA in terms of pain, function, or survivorship. Unless another study at long-term followup identifies an advantage to survivorship, pain, or function, we do not recommend the widespread use of computer navigation in TKA because of its risks (in this series, we observed femoral notching; others have observed pin site fractures [7] ) and attendant costs.
